Abstract: Accurate needle insertion into soft, inhomogeneous tissue is a critical aspect of many medical problems, such as the percutaneous diagnosis and therapies. In such procedures, the flexible tip-steerable needle with bevel tips can deflect during insertion and reach the target we set beforehand. In 2D motion planning, it's crucial to maintain the needle in a desired plane. However, the inhomogeneous and a sudden change of tissue during insertion, as well as the unmeasurable state variables, gives us a big problem to keep the needle tip in the desire plane accurately. In this paper, in order to reduce deflection of the needle from its path and to increase the accuracy of the needle tip placement, we use a feedback linearization scheme to realize the plane control based on a robust state observer, which can estimate the states of needle tip with tissue uncertainty. Simulation results are presented to illustrate the practicability of the scheme.
INTRODUCTION
Flexible tip-steerable needle is asymmetric-tip. It can move along trajectory of constant curvature [1] , when puncture medium is homogeneous. Needle puncture technology is widely used in medical field such as brachytherapy, anesthesia, biopsy, etc. In these procedures, accurate targeting of the needle tip within tissue is vital for a successful outcome [2, 3] . However, the errors in insertion location, needle bending and tissue deformation can lead to poor needle tip targeting. Otherwise, the needle should avoid collision with some sensitive organs such as nerves, vessels and bones to prevent unnecessary damage to patients. The flexible tip-steerable needle has attracted great attention during the past few years. The asymmetry of the tip makes the needle to bend and follow a circular arc with constant curvature [4] . Therefore, we can get the desired trajectory via the appropriate rotation and insertion from the base of the needle (from outside the patient). In [5, 6] , they develop planners that rely on the needle staying within a specified 2D plane, and construct a sequence of circular arcs to reach the target while avoiding obstacles. A 3D motion planning algorithm is proposed with spherical obstacles in the workspace [7] . In [1] , a mathematical nonholonomic, kinematic model has been developed and validated. Then a lot of studies of flexible needle are builded directly on this model. In [8] , a feedback linearization controller, with a traditional Luenberger observer, was employed to guide and maintain a flexible needle to a desired plane, which is vital during 2D motion planning. However, the scheme in [8] didn't consider the parametric uncertainty, which is very important in real situation. When the flexible needle puncture technology is used clinically, This work is supported by National Nature Science Foundation under Grant No.61273356, 61273355 the needle will go through many different tissues, such as skin, fat, muscle, myolemma, organ and even abdominal cavity. Tissue's change will make the parameter of model different. In addition, during the motion of the needle, the tissue uncertainty always exists due to tissue deformation, inhomogeneity and needle torsion [9] [10] . Because of the presence of model perturbation, the estimation of the states may not be sufficiently accurate using traditional Luenberger observer. Therefore, the problem of robust state estimation is crucial in flexible needle plane control system. In [11] and [12] , the problem of robust state estimation is considered by designing appropriate Kalman filter, where the uncertain system is influenced by white noises. In [13] , a Luenberger-like observer with help of a nonlinear term is designed to conquer the model uncertainty. In our paper, we will describe the flexible needle system and the kinematic model in section 2. For the nonlinear model with parameter uncertainty, we deal with it accordingly via feedback linearization, and the process is showed in section 3. In section 4, we introduce the robust state observer from [13] to the flexible needle system, and do some modifications. For illustrate the feasibility of the scheme, the simulation result will show in section 5. Finally, the conclusions are stated in section 6.
SYSTEM OVERVIEW AND MODELING
Flexible Tip-Steerable Needle can be steered by rotation and insertion at the base outside the body of the patient. Such a needle bends as it is inserted into tissue at a constant curvature, which is a property of the needle and tissue. Hence, by rotating the needle from the base, different trajectories could be achieved. A kinematic bicycle model is developed for such a needle in [1] . Based on this model, a reduced order model is extracted for stabilizing the needle to a desired plane in [1] . Fig. 1 shows the kinematic bicycle model. In this model, frame A is the reference frame, while the frame B is attached to the back wheel of the bicycle and frame C is attached to front wheel.
This model is reproduced here for reader convenience. Utilizing Lie group theory, a coordinate-free differential kinematic model is found [1] .
υ ω ∈ denote the linear and angular velocities of the needle tip, respectively, written relative to frame A. 1 u and 2 u are the insertion and rotation speed of the flexible needle. The vector 1 V corresponds to pure needle insertion, while 2 V corresponds to pure needle shaft rotation. Here 
From system (4), we can see that the states , , y z and α have no effect on the dynamics of the other states , , and 
FEEDBACK LINEARIZATION
From section 2, we know that as the only parameter of system (5), k denotes the curvature that needle follows. It means that k is not constant when the tissue uncertainty exists. That means
k denotes the basis value of the curvature, and k Δ denotes the perturbation parameter. For convenience of description, we use the generalized equation to describe the system (5)
( )
Where, The system (6) is fully feedback linearization nonlinear system with relative degree 3 n = . We wish to modify the control laws in order to reduce or eliminate the effects of the perturbation parameter k Δ . The uncertain nonlinear system (6) can be linearized by the nominal feedback law and nominal state transformation based on nominal parameter ( 0 k Δ = ) . , the system (6) can be expressed as follows. ( , ), 1,2 ( ) ( ) ( , )
Where, ( , ) 
OBSERVER-CONTROL SCHEME
From (9) we can see that the model uncertainty considered here is the perturbation in the state matrix A, which is the most common perturbation in practice.
In the current experiments and medical conditions, we can just measure the position of the needle using an imaging system, such as Binocular camera under laboratory conditions, ultrasonic imaging under clinical conditions and so on. In order to obtain other states, the following full state observer scheme is introduced to this system, which is to introduce an extra term in the usual Luenberger state observer. This extra term, α , is used to overcome the perturbation A Δ by forcing the state error converging to zero. The observer dynamics is show as follows 
Using the state estimation, we give the control input of the system by full-state feedback as follows.
For linear time-invariant system, we can get the observer gain matrix H and feedback gain matrix K independently according to separability principle. K can be quickly and effectively solved using LQR. For H, we will get it using Linear Matrix Inequality (LMI).
To describe the effect of estimation, we define the residual as ˆ(z z) r y y C = − = − And the state estimation error as ê z z = − From (9) and (10) 
The goal is to make 0 e → .Adopting the Lyapunov stability theorem whereby a positive definite energy function is chosen and its derivative is always made negative. The following energy function is chosen.
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T V e Pe = (12) Where P is a positive-definite matrix to be determined. The derivation of (12) is show as follows.
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Now, we can see that if the condition of inequality (13) and (15) It's not difficult to find that when the state error e goes to zero, the magnitude of residual r , where r Ce = , also becomes small. It can be seen from the formula for computing α , the magnitude of α would then increase unboundedly and become infeasible in computation in general (unless in special cases such as where the estimated state goes to zero). Hence, the above is just a conceptual formula. Here we will adopt a toleranceθ (lower bound) for r to prevent such situations. The value of θ should choice ourselves suitably. This of course implies that the state error would not actually go to zero but enter, and be contained within, a neighborhood of the origin. Here we rewrite (16) as follows. 
For matrix inequality (13), have two matrix variables, P and H . We can solve it using LMI quickly and effectively.
SIMULATION RESULTS
The proposed observer-based feedback control scheme is employed to solve the problem of stabilizing a Flexible Tip-Steerable Needle in a desired plane. We will show this scheme in two steps. The first step, we will estimate states of the needle using robust state observer, namely the open-loop system. Next, we will simulate this needle system using the whole scheme, namely the close-loop system. In both cases, we will use the same parameter scheme. Special information as follows: To reflect the tissue uncertainty, we will use different k between the observer and original nonlinear system. In the observer system, the radius of curvature of the needle 1 / 150 k mm = , while, in the original nonlinear system 1 / 200 k mm = . In the real condition, keeping the initial roll angle of the needle being same is almost impossible. So the initial conditions of observer and original nonlinear system are Fig . 2 shows the open-loop system. We can see that the roll of needle cannot be estimated perfect. It's the result of feedback linearization. Actually, the other states exist estimated error. But we can see it clearly as a result of small pictures. There are the same problems in fig. 3 . From fig. 3 , we know that our robust observer-based controller achieved good results. The needle keep in the desire plane beyond about 50mm of needle insertion. 
CONCLUSION
In this paper a robust observer-based feedback control scheme is proposed for the flexible bevel-tip needle system. A nonholonomic reduced order model is adopted for the flexible needled in our paper. In this model, the needle curvature is the only parameter. Because of tissue uncertainty, curvature isn't constant. For convenience, we let curvature changes on a basis value. Through the simulation results, it is demonstrated that our scheme is effective for stabling the flexible needle in the desired plane. Next step, we will check the feasibility of the scheme with real data. One barrier to achieve good performance under experimental conditions is measurement noise. Improving the accuracy of image tracking is crucial.
